Red spruce (Picea rubens Sarg.) trees growing at high elevation in the northeastern United States have experienced decline in recent years but seedlings have proved to be relatively tolerant of a wide range of environmental stresses in controlled studies. One possible reason for the wide tolerance to stress in seedlings is their inherently large pool of carbohydrate reserves, which is available for maintenance during and regrowth after periods of stress. We tested for the effects of foliar N and exposure to ozone on foliar carbohydrate reserves of 20-year-old naturally regenerated saplings. The trees were maintained in native soil in 360-l containers for 5 years before the experiment. The year before the experiment, trees were fertilized with N,P,K to provide a population of trees from N deficient to N sufficient. As foliar N decreased below 0.9%, length of current-year shoots and specific needle area of current-year needles declined. Foliar N concentration was correlated with foliar sugar and starch concentrations, but relationships varied with time of year. Before bud break, foliar carbohydrates and N, in general, were positively correlated, and date of bud break was delayed in N-deficient trees. During active growth, foliar soluble sugars and N were positively correlated, but starch concentrations were negatively correlated with N. By late September, neither starch nor sugar concentration was correlated with N concentration. Ozone and foliar N concentrations did not interact to change foliar carbohydrate concentrations or shoot and needle growth in this relatively short-term study.
Introduction
Plants of low-resource environments have slow growth, low potential for resource capture, effective chemical defenses, and a high capacity for storage reserves (Grime 1977 , Chapin 1991 . Storage reserves are essential for survival in environments where resources are low or highly variable because they allow for maintenance during and growth after periods of resource limitation. But the cost of maintaining reserves is reduced growth (Chapin et al. 1990 ).
Retention of leaves for longer than one growth period, evergreenness, has been proposed as an adaptation to resource limited systems that allows plants either to take advantage of ''suitable conditions during generally unfavorable periods'' (Moore 1984) or to store limiting resources such as nitrogen (Rundel and Parsons 1980) . In temperate and boreal forests, survival of evergreen foliage through the winter depends on the development of cold tolerance, which is associated with changes in the quality and quantity of foliar carbohydrates (Senser et al. 1971) . The ability of photosynthetic tissue to survive winter provides evergreen trees with the capacity to fix and store carbon before bud break. At bud break these carbon reserves are available for rapid growth of new foliage.
Foliar carbohydrate reserves of evergreen trees change seasonally with changes in photosynthetic activity, growth and cold tolerance (Little 1970 , Senser et al. 1971 , Kramer and Kozlowski 1979 . These changes in foliar carbohydrates reflect changes in source--sink strengths and are most predictable in evergreens such as red spruce (Picea rubens Sarg.) that have preformed shoots (fixed growth) and one annual period of shoot growth (Friedland et al. 1988 , Alscher et al. 1989 , McLaughlin et al. 1990 . For example, in the spring, newly fixed photosynthate is stored in stems and foliage as starch because of low sink strength and can, at that time, account for up to 30% of foliar dry weight (Alscher et al. 1989) . By autumn, total soluble sugar content increases to above 10% of needle dry weight, whereas starch content drops nearly to zero (Alscher et al. 1989) . This shift in the allocation of carbohydrates is associated with the cold hardening process (Senser et al. 1971) .
Because of the importance of foliar carbohydrate reserves for maintenance during and growth after periods of resource limitation, any stress that reduces carbohydrate reserves could potentially affect the tree's ability to respond to subsequent stress. Many environmental stresses have been shown to alter foliar carbohydrate contents. The air pollutant, ozone, reduces foliar starch concentrations of red spruce (Amundson et al. 1991 , Woodbury et al. 1992 ) and other evergreens (Meier et al. 1990 , Paynter et al. 1991 as does water stress (Meier et al. 1990 , Amundson et al. 1993 ). In contrast, N deficiency is frequently associated with elevated foliar starch concentrations in angiosperms (Waring et al. 1985 , Chapin et al. 1986 , Pell et al. 1990 , Chapin 1991 , Thompson et al. 1992 ) and gymnosperms (Ericsson 1979 , Adams et al. 1986 ), presumably because low N availability reduces starch demand and growth faster than the capacity to fix carbon (Chapin 1991) .
Many forested ecosystems are N limited (Vitousek 1982 ) and are exposed seasonally to elevated ozone (McLaughlin 1985) . Because these two stresses have opposite effects on foliar carbohydrates, the stresses should interact. Pell et al. (1990) exposed radish (Raphanus sativa L.) to varying concentrations of ozone and N and found interactive effects on foliar carbohydrates. They also observed a strong positive relationship between the ratio of sink to source mass and the amount of total nonstructural carbon in the sink organ, suggesting a functional relationship between carbohydrate concentrations in sink organs and relative strengths of source and sink.
The primary goals of the present study were to determine if foliar N alters foliar carbohydrate reserves of red spruce and, if so, to test if foliar N interacts with ozone to change these reserves. To test for effects of foliar N on foliar carbohydrate reserves, foliar N and carbohydrates of a group of red spruce saplings with a wide range of foliar N were monitored before and during exposure to ambient and elevated ozone.
Materials and methods

Tree selection and maintenance
Naturally regenerated saplings of red spruce were selected in September 1985 at a site located approximately 16 km west of Mount Katahdin, Maine, that had been clear-cut in 1977. Soils at the site were Typic Haplorthods derived from glacial till. Selected trees were 1.0 to 1.5 m in height, relatively uniform in architecture without extensive branching induced by animal browsing, open-grown and not suppressed by adjacent trees, and could be removed without undue damage to roots. The selected trees were root-pruned by shovel approximately 0.5 m from the stem in September 1985. Root pruning was intended to stimulate regrowth of roots into the soil to be lifted so that transplant shock would be reduced.
In May 1986, native soil from the B horizon at the site was used to fill 360-l pots to within 25--30 cm of the lip of the pot. Trees with the O and E soil horizons intact were removed from the ground with shovels at the root pruning line. Each tree was placed in a pot and, if necessary, additional soil surface material was used to fill the pot to the rim. The trees were transported to Ithaca, New York, and were maintained under 50% shade cloth (black polypropylene) until July 25, 1986. After that date they were unshaded. At the end of the 1986 growing season, the pots were partially buried in the ground and mulched with bark to the rim. The trees were watered as needed during the growing seasons of 1987 , 1988 , 1989 . On July 3, 1991 (Grubinger et al. 1983 ). On May 26, 1991, each tree was visually assessed for degree of bud swelling. The following four categories were used: no swelling, some swelling, most buds very swollen, and greater than 10 % of buds with needles beyond the bud scales (breaking).
Before 1990, the trees were not fertilized. In August 1990, 13 of the 18 trees were fertilized with N,P,K (Peters, to deliver 4 g of N per tree. Foliar N content of current-year foliage sampled in October 1990 was used to select six trees for each of the following groups: low (0.59--0.82%), intermediate (0.87--1.03%), and high (1.04--1.22%). To assure adequate N for development of 1991 foliage, all trees were fertilized on April 12, 1991 with 13.3 g Peters N,P,K (15-16-17) to provide 2, 2.1 and 2.3 g as N, P and K, respectively. Trees in the low-, intermediate-and high-N groups received 1, 2 and 4 g, respectively, of additional N as ammonium nitrate. On July 5, 1991, all trees were fertilized with 4.5 g Peters N,P,K (15-16-17) with intermediate-and high-N groups receiving an additional 2 and 5 g N, respectively, as ammonium nitrate.
Ozone exposures
Ozone (produced from bottled oxygen) was added to three of the six nonfiltered (NF) open-top chambers (Kohut et al. 1987) daily from May 20, 1991 until September 27, 1991. The ozone treatments consisted of three chambers receiving NF air and three chambers receiving NF air with ozone added to produce twice ambient (2×) ozone concentrations from 1 h after sunrise to 1 h before sunset. During the experiment, ozone monitors were checked periodically against a transfer standard to assure the accuracy of the measurements.
Additionally, loss of ozone in the Teflon sampling lines was determined three times during the experiment and monitoring data were adjusted accordingly.
Tree watering
Weights of individual tree--soil--pot systems were monitored routinely during the experiment with weighing lysimeters (Lauver et al. 1990 ). Deviations in weight from field capacity were used to determine when to water the trees. Field capacities of the pot systems were determined by flooding each pot and then recording the weights when water ceased to drain from the pot (generally the next morning). The trees were not watered from August 20 to September 3 to accelerate the normal decline in foliar starch content (Woodbury et al. 1992) and to determine plant available water in each pot system. During the period when water was withheld, predawn and midmorning branch water potentials were routinely monitored on 1991 stems with a Scholander-type pressure chamber (Model B, Soil Moisture Equipment Inc., Santa Barbara, CA). Trees were rewatered when mean predawn water potentials declined below −2.0 MPa.
Needle and shoot morphology
Lengths and weights of shoots and weights and projected areas of needles were determined on 1991 branches on several dates after needle and branch growth had stopped. Projected needle areas were determined with an image analyzer (AgVision System, Decagon Devices, Pullman, WA, USA) after they were removed from stems by rapid immersion in liquid N.
Carbohydrates
Carbohydrates were determined by cutting four to six shoots with 1990 or 1991 needles between 1100 and 1130 h Eastern Daylight Time and preparing the tissue by the same protocol as described for N determination. Total soluble sugars were extracted from ground tissue with 12/5/3 methanol/chloroform/water (v/v/v) (Haissig and Dickson 1979) . Sugar concentration of the methanol--water phase of the extract was measured by the anthrone reaction (Yemm and Willis 1954) . The starch or insoluble fractions were suspended in 4 ml of 0.10 M acetate--0.02 M NaF buffer, pH 4.5, placed in a boiling water bath for 15 min and then cooled. One ml of buffer containing 15 units of amyloglucosidase (EC 3.2.1.3) was added to the residue, and the mixture incubated at 50 °C for 24 h. Glucose was determined by the glucose oxidase system (Haissig and Dickson 1979, Ou-Lee and Setter 1985) .
Experimental design and data analysis
Two ozone treatments, nonfiltered air (NF) and twice ambient (2×), constituted the main plots. Ozone treatments were randomly assigned to six open-top chambers; thus, ozone effects were tested over the replicate chambers (i.e., chambers nested within ozone regimes). The 18 experimental trees were divided into low-, intermediate-and high-N groups with six individuals per group. Three trees, one from each N group, were randomly assigned to each chamber. Foliar N concentrations were not discrete and so could not be incorporated into the design as a second factor; instead N was included as a covariate where appropriate and tested by SAS GLM (SAS Institute Inc., Cary, NC). Sugar and starch concentrations (analyzed separately at each date) were tested for a response to ozone by one-way ANOVA, whereas the relationships between foliar N and carbohydrates were tested by regression analyses (Minitab Inc, Boston, MA).
Results
Ozone exposure
Ozone exposures were conducted from 1 h after sunrise to 1 h before sunset from May 20 until September 27, 1991. Seasonal 12-h-mean ozone concentrations (0800 to 2000 h) for NF and 2× treatments were 0.045 and 0.088 µl l −1
, and maximum 1-h averages for both were 0.112 and 0.241 µl l −1 , respectively (Table 1) . Visible symptoms normally associated with ozone injury were not detected on trees in either ozone treatment.
Influence of foliar N on foliar carbohydrates and date of bud break
Foliar N concentrations of 1990 foliage ranged from 0.59 to 1.22% on October 30, 1990 and generally declined from October 1990 to September 1991 (Table 2) . Nitrogen concentrations of 1991 foliage varied little from July to September 1991 and were similar within age class and N treatment in trees exposed to the NF and 2× treatments (Table 2) Table 3 ). On May 26, buds on five of six trees in the low-N group had not begun to swell, whereas buds on trees with higher foliar N were swelling or breaking. Trees in the low-N group had a significantly lower degree of bud swelling than trees in the two higher N groups (Table 2 , P = 0.001).
Influence of foliar N and ozone on carbohydrates and shoot and needle growth
Sugar and starch concentrations were similar in trees exposed to either NF or 2× ozone treatments regardless of date (Ta- TreatmentOzone concentration (µl l Table 3 ). In contrast, sugar concentrations of 1991 foliage on the same date were positively, but poorly, correlated with foliar N concentrations (r = 0.46, Table 3 ). Similar trends were noted in 1990 foliage (Table 3) . These relationships were not altered by exposure to ozone. By September 27, 1991, neither sugar nor starch concentration of 1991 foliage was correlated with foliar N concentration or prior ozone exposure. Foliar starch concentrations of current-year foliage were lower on August 20, 1991 compared to current-year foliage on the same trees measured on August 16, 1989 (Table 4 , P = 0.001). In contrast, mean sugar concentrations of current-year foliage on August 16, 1989 were similar to those of currentyear foliage monitored on August 20, 1992 (Table 4) .
Lengths of 1991 shoots increased with increasing N concentrations in trees exposed to NF or 2× ozone (Figure 1 ). Mean lengths of 1991 shoots of trees exposed to 2× ozone sampled from August 20 to September 27 tended to be longer than those of NF-treated trees (4.67 versus 4.30 cm, P = 0.095). Mean projected leaf area to dry weight ratio (specific leaf area) of 1991 foliage was positively correlated with mean foliar N concentration (Figure 2 ). Ozone did not affect specific leaf area of 1991 foliage (2× = 29.8 versus 28.6 cm 2 g −1 for NF, P = 0.47). Exposure to ozone did not significantly affect predawn branch water potentials of trees that were not watered for 2 weeks from August 20 to September 3 (August 20, NF = −1.31 ± 0.25 MPa, 2× = −1.58 ± 0.12 MPa, P = 0.35; September 3, NF = −2.13 ± 0.25 MPa, 2× = −2.50 ± 0.25 MPa, P = 0.22). 
Discussion
Evergreen foliage has been proposed as an adaptation to resource limited environments by extending the period of carbon fixation (Moore 1984) and by increasing the ability of the plant to store limiting resources such as N (Rundel and Parsons 1980) . The increase in foliar carbohydrate reserves before bud break supports the former proposal. Because N concentrations of all older foliage were not determined, the latter hypothesis could not be tested. Clearly, foliar N and carbohydrate concentrations indicated changing relationships between these two variables as source and sink strengths changed.
Relationships between foliar N and foliar carbohydrate reserves and growth
Foliar N concentrations of the experimental trees ranged from deficient to sufficient for saplings and mature red spruce in the northeastern USA (Friedland et al. 1988 , Fernandez and Struchtemeyer 1990 ) and were generally lower than those reported for red spruce saplings in the southern Appalachians (McLaughlin et al. 1991) .
Assessment of 1991 stem lengths verified that trees with current-year foliage below 0.9% N had reduced growth. The positive correlation between foliar N concentrations and specific leaf area (area weight −1 ) also indicates that N deficiency affects needle morphology. The decrease in specific needle area with decreasing N concentration cannot be explained by N influences on foliar starch because the same relationship was found when starch was depleted at the end of the growing season. A possible explanation is that N deficiency results in denser leaves as was shown for broadleaf species (Thompson et al. 1992) ; however, this could not be verified because measurements were not made on individual needles.
The relationship between foliar N and foliar carbohydrate reserves changed as source--sink strengths changed. Annually, red spruce experiences shifts in source--sink relationships that ) NF90 (6)87 (3)92 (9)97 (2)96 (1)108 (2)123 (2) 2×88 (10)79 (3)97 (8)96 (2)95 (1)101 (2)119 (2) P -value0.6190.0990.7450.6940.4020.1240.257 Starch ( correspond to periods when (1) foliage is photosynthetically active before bud break (source > sink), (2) when shoot, cambium or root growth is vigorous (source = sink), and (3) when tolerance to cold is established and maintained (source ≤ sink).
Pre-bud break period
In mid to late March in Ithaca, NY, photosynthetic capacity of red spruce foliage increases rapidly from a midwinter low (R.G. Amundson, unpublished data) . Also, chloroplasts shorten, unclump and move toward the plasmalemma , whereas chlorophyll concentrations increase and carotenoid concentrations decrease (Amundson et al. 1991) . The substantial photosynthetic capacity of red spruce up to 2 months before bud break results in large increases in carbohydrate storage in stems and foliage before bud break.
The positive correlation between stem and needle carbohydrates and foliar N during late April indicates that stem and needle carbohydrate storage pools of N-deficient trees are filled later than those of trees with higher foliar N concentrations. The delay in bud break of N-deficient trees and positive relationships between stem and needle carbohydrates and foliar N before bud break suggest that date of bud break is either directly influenced by foliar N concentrations or delayed in N-deficient trees by inadequate carbohydrate reserves to expand new foliage.
Active growth period
During the period of rapid shoot elongation, new foliage changes from importing to exporting carbon (Turgeon 1989) and thus ends its reliance on reserves from other tissues resulting in a negative relationship between foliar N and foliar starch concentrations. Negative relationships between foliar N and starch have also been reported for Scots pine (Pinus sylvestris L.) (Ericsson 1979) , willow (Salix aquatica Smith) (Waring et al. 1985) and sedge (Eriophorum vaginatum L.) (Chapin et al. 1986 ). Chapin (1991) suggests that starch accumulates in leaves of N-limited plants because there is sufficient N for continued carbon fixation but insufficient N to maintain normal growth (sink strength declines). Reduced length of 1991 shoots and higher starch concentrations of 1991 foliage in the N-deficient trees supports that hypothesis.
In mid-August, starch concentrations were significantly lower than in the same trees in 1989 (Amundson et al. 1993) or in a similar group of trees in 1990 (Woodbury et al. 1992) . The reduction probably resulted from fertilization in April and July (cf. Ericsson 1979 , Waring et al. 1985 , Chapin et al. 1986 ), most likely because the carbon that would be stored as starch was allocated to root growth. Allocation of carbon is controlled by source and sink strengths that vary with time, growth form and potential rate of growth (see Laurence et al. 1994 . Thus, fertilization does not always reduce foliar carbohydrate reserves. We assume that foliar reserves were diverted to root growth by mid-August to increase nutrient acquisition, whereas soil temperatures were too low in late April--early May for root growth. Without a sink for the newly fixed photosynthate, starch reserves accumulated in twigs and foliage before bud break.
Cold hardening period
The loss of starch and increase in sugars by September 27 indicated that the trees were cold hardening (Parker 1959 , Senser et al. 1971 , Alscher et al. 1989 . By then neither starch nor sugar concentration of current-year foliage was correlated with foliar N.
As expected, N deficiency had multiple effects on the growth capacity of red spruce. Foliar N concentrations are positively correlated with photosynthetic capacity in red spruce ) which may explain the delay in filling of foliar starch pools in late April. Furthermore, N deficiency reduced carbon fixation capacity of current-year foliage by delaying the date of bud break and by reducing shoot lengths and specific needle areas.
Effects of ozone on foliar carbohydrate reserves and growth
Although we anticipated that N deficiency would raise foliar starch concentrations and thus predispose the trees to ozoneinduced reductions in starch, it did not. Fertilization of the trees most likely resulted in reduced foliar starch concentrations during mid-August. Our data support the results of earlier studies where short-term exposure to ozone had minimal effects on red spruce seedlings (Taylor et al. 1986 , Alscher et al. 1989 , Laurence et al. 1989 . Although exposure to ozone for one growing season depressed foliar starch concentrations in shortleaf pine (Pinus echinata Mill.) (Paynter et al. 1991 ) and loblolly pine (Pinus taeda L.) (Meier et al. 1990 ), longer exposures were needed to reduce foliar starch concentrations in red spruce seedlings (Amundson et al. 1991) and saplings (Woodbury et al. 1992 ) that were not N limited.
Red spruce response to multiple stresses
Because N deficiency and ozone stress have opposite effects on foliar starch reserves, we postulated that the two stresses would have an interactive effect on foliar starch concentrations. Pell et al. (1990) found such interactions in a study of radish. However, no interactions between ozone exposure and foliar N concentrations were detected; the relatively low starch concentrations and short duration of the ozone exposure may have millitated against such an interaction.
Although N deficiency decreased shoot length and ozone tended to increase shoot length, it is unclear whether these two stresses would interact to change shoot length in the long term. Clearly, changes in shoot length would affect tree stature and thus light capture, carbon fixation and growth.
Several factors influence the response of red spruce to stress. The species is characterized by inherently low rates of gas exchange and low rates of water loss during water stress (Seiler and Cazell 1990 ) that predispose it to avoidance of stress from short-term ozone or water stress. Furthermore, it maintains large foliar reserves of carbon. Although foliar starch reserves of red spruce are reduced during water stress (Amundson et al. 1993) or prolonged exposure to ozone (Woodbury et al. 1992) , these stresses did not produce accelerated senescence of older tissues, a symptom normally associated with such stresses in faster growing species . The increase in foliar sugar concentrations at the same time that foliar starch concen-trations declined during water stress (Amundson et al. 1993) suggest that starch reserves were used at that time to maintain cell integrity. Additionally, Hauslauden et al. (1990) found that foliar carbohydrate reserves may be diverted to the synthesis of antioxidant compounds in response to exposure to ozone, further reducing susceptibility to long-term exposures. The changing relationships between foliar N and starch and sugar concentrations as source and sink strengths changed suggest that these foliar reserves are mobilized in response to changing sink strengths, which vary with severity of the stress and the organ sensing that stress. Collectively the above factors result in the relative insensitivity of red spruce to short-term stress.
